Recent estimations suggest that vast amounts of methane are locked in the Arctic Ocean bottom sediments in various forms of gas hydrates. A potential feedback from a continued warming of the Arctic region is therefore the release of methane to the atmosphere. This study addresses the relationship between a warming of the Arctic ocean and gas hydrate stability. We apply a theoretical model that estimates the base of the gas hydrate stability zone in the Arctic Ocean considering different bottom water warming and sea level scenarios. We model the present day conditions adopting two different geothermal gradient values: 30 and 40 ∘ C/km. For each geothermal gradient value, we simulate a rise and a decrease in seafloor temperature equal to 2 ∘ C and in sea level equal to 10 m. The results show that shallow gas hydrates present in water depths less than 500 m would be strongly affected by a future rise in seafloor temperature potentially resulting in large amounts of gas released to the water column due to their dissociation. We estimate that the area, where there could be complete gas hydrate dissociation, is about 4% of the area where there are the conditions for gas hydrates stability.
Introduction
Vast quantities of methane are trapped in oceanic hydrate deposits, and there is a concern that a rise in the ocean temperature will induce dissociation of these hydrate accumulations, potentially releasing large amounts of methane into the atmosphere [1, 2] . In this context, the Arctic should be considered a critical area in a warming climate because massive amounts of methane are currently locked as gas hydrates in ocean sediments and in permafrost that could be released [3] [4] [5] [6] . Moreover, in the Arctic ocean, the gas hydrate stability zone is especially sensitive to climate change because the degree of temperature change is greater than at lower latitudes [4] . For example, the gas hydrate stability zone along continental slopes is found to be sensitive to even small changes in ocean bottom temperature [4] , and the Arctic Ocean most likely has a larger gas hydrate stability zone compared to other oceans because of its cold water and low geothermal gradients [7] . However, it is still unclear whether the recent discoveries of methane emissions in the Arctic shelf and slope region are a result of better mapping and detection methods or whether they reflect a natural variability or environmental conditions following the present climate change.
Gas hydrates are solid crystalline compounds, in which gas molecules are lodged within the clathrate crystal lattice [8] . They occur when water and adequate quantity of gas combine under conditions of relatively high pressure and low temperature. The gas hydrate stability zone thickness varies widely within Arctic region depending on factors such as ocean bottom water/permafrost temperature, geothermal gradient, salinity of the water, and composition of gas [9] .
Both permafrost-associated gas hydrates and the shallowest part of the deepwater marine gas hydrate system are susceptible to dissociation (breakdown to methane and water) under conditions of a warming Arctic climate. The dissociation of these hydrate deposits, which release large quantities of methane, could have dramatic climatic consequences that in turn lead to further atmospheric and oceanic warming through accelerated decomposition of the remaining hydrates [7] . This positive-feedback mechanism has been proposed as a significant contributor to rapid and significant climate changes in the late Quaternary period [10] [11] [12] [13] . The "Clathrate Gun Hypothesis" [14] suggests that past increases in water temperatures near the seafloor may have induced such a large-scale dissociation, with the methane spike and isotopic anomalies reflected in polar ice cores and in benthic foraminifera [7] . Methane from dissociating hydrates in ocean sediments has been proposed to never reach the atmosphere, either due to its conversion to carbon dioxide in the water column or from being sequestered in the biosphere [15] . Isotopic studies of air trapped in ice cores question the source of the atmospheric methane during these rapid temperature excursions [16] . Furthermore, Nisbet [17] , while suggesting methane as a factor in moderating glaciations, proposed that the methane spikes may follow, not lead, climate change. Simulations of deep ocean hydrates show that deep (>1,000 m) hydrates may be relatively insensitive to ocean temperature changes on short time scales. Dickens [18] calculated that the volume of the GHSZ associated with marine hydrates halved during the Paleocene-Eocene thermal maximum with a temperature increase of 5 ∘ C. Here, we define the area where there are the conditions for gas hydrates stability, and we model the effects of warmer ocean bottom temperatures and increased seafloor pressure on the gas hydrate stability zone (GHSZ) in the Arctic Ocean, as shown in Figure 1 . Moreover, we focus on the intersection between the base of gas hydrate stability zone and the seafloor, identifying the areas where the complete dissociation of gas hydrates could occur and estimating their extension. The effects on the GHSZ from increased bottom temperatures have previously been modeled in the Antarctic Peninsula [19] [20] [21] . The base of GHSZ is calculated as the intersection between the geothermal curve and the gas hydrate stability curve [22, 23] by using the Sloan formula [8] . The following parameters were adopted to estimate the base of gas Journal of Geological Research 3 hydrate stability zone as described in the following sections: geothermal gradient, seafloor temperature, bathymetry, and gas composition.
Gas Hydrates and the Arctic
Many authors have demonstrated that climate change is occurring and is particularly pronounced in the Arctic [24] [25] [26] . Because the Arctic plays a special role in global climate, these changes will also affect the rest of the world [27] . Global climate change is likely amplified in the Arctic by several positive feedbacks, including surface albedo decreased by ice and snow melting, temperature anomalies trapped near the surface by atmospheric stability, and change magnification by cloud dynamics [28, 29] . Consequently, the temperature in the Arctic is increasing at a rate of two to three times that of the global temperature estimated to be 0.4 ∘ C over the past 150 years [30] .
It is clear that the Arctic can contribute significantly to the amplification of climate changes. So, many efforts should be devoted to improve the knowledge about gas hydrate reservoir located in this area. It is clear that difficulty in carrying out seismic, bathymetric, and geological surveys has yielded little data about gas hydrates in the ice-covered Arctic basin [31] . Investigations are still producing surprising results indicating that our understanding of gas hydrate formation and distribution is incomplete [32] . The available estimates of methane in Arctic hydrates ranging between 1,013 and 1,016 m 3 in onshore regions [33] [34] [35] [36] are based mainly on speculations of constant distribution of hydrates within sediments across significant areas in a large depth interval using regional hydrate content percentage. An approach to obtain additional information about gas hydrate deposits, located in this area, could be the theoretical modeling of the GHSZ. In this context, we define the area where there are the conditions for gas hydrate stability zone and we simulate the effects of climate changes on hydrate. The base of the gas hydrate stability zone is calculated as the intersection between the geothermal gradient curve and gas-gas hydratepore water equilibrium curve. Moreover, we identify the area where the complete dissociation of gas hydrate could occur, if they were present.
As already mentioned, gas hydrate stability is mainly affected by ocean bottom water/permafrost temperature, geothermal gradient, salinity of the water, and composition of gas. It is known that the presence of only a small percentage of higher hydrocarbons (such as ethane and propane) shifts the phase boundary to higher temperature (at constant pressure). The effect is that the base of GHSZ at a given temperature is shifted to greater depths [37, 38] .
Gas Hydrates Modeling
We consider the main factors affecting the GHSZ and simulate their variation analyzing the effects on gas hydrate stability. By using bathymetric data, sea bottom temperature, and geothermal gradient and considering that the natural gas is methane, we evaluate the theoretical GHSZ, similarly to what was recently evaluated in the Antarctic region by [19] [20] [21] [22] . The base of GHSZ was calculated as the intersection between the geothermal curve and the gas hydrate stability curve.
Seafloor Temperature.
The seafloor temperature data are downloaded from the National Oceanographic Data Center website (http://www.nodc.noaa.gov/cgi-bin/OC5/WOA09/ woa09.pl). The available water temperatures were sampled at 33 different depths (from 0 to 5,500 m) on one-degree fields. The intersection between the 33 levels and the bathymetric data allow us to extract the seafloor temperature. In this way, we obtained the distribution of seafloor temperature in study area shown in Figure 2. 
Pressure Based on Water
Depth. An important factor considered in GHSZ estimation is the water depth because its variation strongly affects the GHSZ thickness especially for deep gas hydrate reservoir (>500 m). The adopted digital bathymetric model was developed by the International Bathymetric Chart of the Arctic Ocean (IBCAO) project (http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/ downloads.html). The IBCAO map (version 3) is a seamless bathymetric topographic digital terrain model that incorporates three primary data sets: all available bathymetric data; the GMTED 2010 topographic data; and the World Vector Shoreline for coastline representation [39] . The grid cell size of the adopted version is 2 × 2 km on a polar stereographic projection. The bathymetric data are translated in terms of pressure considering the average water density equal to 1,046 kg/m 3 . We extrapolate the average water density as suggested by Giorgetti et al. [40] for Antarctic Peninsula because of the similarity of water temperature and polar climate conditions.
Gas
Composition. Knowledge about gas composition of gas hydrates is always poor. In our study, we suppose that the component of gas is pure methane. In this way, we consider the condition for which the base of GHSZ is shallower, so more sensitive to climate changes.
Geothermal Gradients.
The Arctic region lacks geothermal gradient data because of the difficulty to acquire data. So, we consider the following geothermal gradients: 30 and 40 ∘ C/km, considering different studies [41, 42] . As suggested by different authors [43, 44] , the geothermal gradients can highly range due to different factors such as presence of mud diapirs or salt domes, inversion of the basin resulting in shallow basement rocks, and presence of faults causing focused fluid flow [42] . As previously demonstrated [45] zones characterized by lower geothermal gradients, are more affected by climate change concerning gas hydrate stability.
The base of the GHSZ is estimated as the intersection between geothermal curve and the gas hydrate stability curve calculated using the Sloan formula [8] . First, we simulate the present day condition using the collected parameters to evaluate the zone where there are the conditions for gas ∘ N hydrate stability. For each geothermal gradient value, we then simulate a rise and a decrease in seafloor temperature equal to 2 ∘ C and in sea level equal to 10 m. The rise in seafloor temperature of 2 ∘ C is in agreement with temperatures during the latest Paleocene thermal maximum. In fact, the end of the Paleocene epoch was marked by an abrupt episode of global warming coincident with a large perturbation of the global carbon cycle [46] . Within 10 to 30 ky [47, 48] , temperatures increased 4 to 5 ∘ C in the tropics [49, 50] , 6 to 8 ∘ C in high latitudes [51] , and 4 to 5 ∘ C in the deep ocean [52, 53] . The decrease in seafloor temperature is considered to simulate a glacial period. Moreover, results from recent simulations coupling circulation, atmospheric circulation, and atmospheric chemistry (publications in CCSM, 2006) indicate that, under current climate conditions and 1% yr increase in atmospheric CO 2 , the temperature at the seafloor would rise by 1 ∘ C over the next 100 years and possibly by another 3 ∘ C in the following centuries [7] . Regarding the sea-level change, the range of future climate-induced sea-level rise remains uncertain with continued concern that large increases in the twenty-first century cannot be ruled out. The mean rate of sea-level rate measured by high-precision altimeter amounts to 3.3 ± 0.4 mm/year from 1993 to 2009, suggesting that sealevel rate is accelerating compared to the past [54] . Moreover, there is a huge uncertainty due to the potential melting of glaciers, and the possible role of the Greenland and West Antarctic ice sheets, which could amplify the changes in sea level. The Intergovernmental Panel on Climate Change (IPCC) has pointed out that for a warming over Greenland of 5.5 ∘ C the Greenland ice sheet contribution is about 3 m in 1,000 years, while for a warming of 8 ∘ C the contribution is about 6 m, with the ice sheet being largely eliminated. So, considering 10 m of sea-level variation, it is likely to predict an extreme scenario, but not unrealistic [30] . Anyway, several models have suggested that the sea level dropped by about 100 m during the last glacial maximum [55] . Rohling et al. [56] suggested that the sea level was 120 m below its present value during the last glacial maximum reducing the watercovered shelf and marginal sea areas by approximately 50% [57] [58] [59] .
Discussions
We show the modeled base of the GHSZ for all 10 cases analyzed in Figure 3 , showing the depth of the base of GHSZ from seafloor. We modeled 5 cases for each geothermal gradient value. Panel (a) shows present day conditions; panel (b) shows temperature decrease of 2 degrees; and panel (c) shows temperature increase, while panels (d) and (e) show decrease and increase of sea level, respectively. As previously mentioned, the base of GHSZ is calculated as the intersection between the gas hydrate stability curve and the geothermal curve. The base of GHSZ is commonly inferred from seismic reflection profiles using a bottom simulating reflector (BSR), which is the boundary between hydrate-bearing sediment above and gassy sediment beneath [60] . As expected, a rise in seafloor temperature causes gas hydrate in the region to become unstable (panel (c) in Figure 3 ). This could cause the base of the GHSZ to move upward resulting in thinner GHSZ and subsequent methane releases. On the contrary, a decrease in seafloor temperature could cause the base of the GHSZ to move downward. In this condition, the GHSZ could increase in thickness as shown in panel (b). A negative feedback from a warming climate is a rising sea level from melting of glaciers and ice sheets, which would increase the pressure at the seafloor. This could result in the deepening of the base of the GHSZ extending the zone where there are the conditions for gas hydrate stability, as shown in column (e) of Figure 3 . On the contrary, the decrease of sea level lead to a shallower base of the GHSZ. However, the effect of 10 m sea-level change on gas stability zone is very low compared to those of a 2-degree temperature change. In Figure 4 , we show a profile offshore Svalbard Island, considering the case for which the geothermal gradient is equal to 30 ∘ C/km.
The black line represents the bathymetry along the profile. Below it, we show three hypothetical future scenarios, which will affect gas hydrate stability: (a) present day condition (purple line), (b) considering a rise of 2 ∘ C (green line), and (c) considering a decrease of 2 ∘ C (yellow line). The modeling shows clearly that a rise in temperature could affect the gas hydrate reservoir in this location and cause dissociation. In fact, where the depth is deeper than 500 m, as shown in Figure 4 , an increase of 2 ∘ C in seafloor temperature could cause the complete dissociation of gas hydrate releasing methane in the water column and, maybe, in the atmosphere. Moreover, the free gas trapped below the gas hydrate reservoir could also be released. When there is a partial dissociation of gas hydrates, that is, gas hydrate in water depth shallower than 500 m, because of the increase in temperature or/and the decrease of sea level, there may also be a positive feedback on climate. In fact, the free gas released from gas hydrate dissociation, will be trapped in the sediments because gas hydrate will act as cap. To contribute to the estimation of the effects of gas hydrate on climate change, we identify the area, where there could be a complete gas hydrate dissociation because of a rise of 2 ∘ C in sea bottom temperature, and estimate its extension equal to 3.1 × 10 5 km 2 ( Figure 5 ). This area represents about 4% of the area where there are the conditions for gas hydrates stability. To estimate this area, we calculate the present day intersection between the seafloor and the base of gas hydrate zone and that one considering a rise in seafloor temperature equal to 2 ∘ C. In the zone included between the two intersections, there could be a complete dissociation of gas hydrate as shown in Figure 5 .
Conclusions
Our modeling confirms that the shallow gas hydrate deposits (water column < 500 m) could be strongly affected by climate change, mainly by rise in temperature and that methane could be released due to gas hydrate dissociation. It is important to underline that several factors mitigate the impact of the Figure 5 : In the red areas, complete dissociation of gas hydrate could talk place with a rise in the seafloor temperature of 2 ∘ C. This simulation is performed using a geothermal gradient of 30 ∘ C/km. liberated CH 4 on the sediment-ocean-atmosphere system. The released CH 4 may dissolve in local pore waters, remain trapped as gas, or rise toward the seafloor as bubbles. Up to 90% or more of the CH 4 that reaches the sulfate reduction zone in the near-seafloor sediments may be consumed by anaerobic CH 4 oxidation [61] [62] [63] [64] [65] . Moreover, methane emitted at the seafloor only rarely survives the trip through the water column to reach the atmosphere. In fact, within the water column, oxidation by aerobic microbes is an important sink for dissolved CH 4 over some depth ranges and at some locations (e.g., [66] ).
Since authors predict the current and near-future evolution of sea-level rise remain in the range of few decimeters [54, 67] , it is mainly the warming of the oceans that has the potential to significantly alter the stable conditions of methane hydrates [68] . So many efforts should be devoted to improve the knowledge about the Arctic gas hydrate reservoirs, because they could play an important role regarding world warming changes, considering that over the past decade the Arctic has been warming up twice as fast as the global average [69] . Moreover, we should improve the knowledge about shallow gas hydrate deposits (water column < 500 m) which could be completely dissociated determining a change of the characteristics of the underground with unpredictable effects. Finally, it is worth to mention that the Arctic is an area logistically difficult to investigate due 8 Journal of Geological Research to the extreme environmental conditions. So, modeling is indispensable for planning and identifying the key areas, where more accurate field analyses should be performed. When more detailed data about gas hydrate occurrence will be available, our modeling can be used to extrapolate local information at global scale.
